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Abstract: This study develops a micro-structured hydrophobic alumina hollow fiber with a high
permeate flux of 60 Lm−2h−1 and salt rejection over 99.9% in a vacuum membrane distillation process.
The fiber is fabricated by phase inversion and sintering, and then modified with fluoroalkylsilanes
to render it hydrophobic. The influence of the sintering temperature and feeding temperature in
membrane distillation (MD) on the characteristics of the fiber and MD performance are investigated.
The vacuum membrane distillation uses 3.5 wt% NaCl aqueous solution at 70 ◦C at 0.03 bar.
The permeate flux of 60 Lm−2h−1 is the highest, compared with reported data and is higher than that
for polymeric hollow fiber membranes.

Keywords: membrane distillation; vacuum membrane distillation; ceramic hollow fiber membrane;
hydrophobicity; water desalination

1. Introduction

The availability of fresh water is limited. Even though almost 70% of the earth’s surface is covered
by water, more than 97% of water is in the oceans, leaving only 3% for consumption by human and
animal life [1,2]. The rapid development of technology has shown that a supply of fresh water is
critical. However, large amounts of energy are required to obtain fresh water using conventional
equipment [3].

Membrane separation processes are an emerging technology that feature low energy consumption,
especially membrane contactors with porous membranes [4,5]. Therefore, there have been many
studies of membrane distillation (MD) processes in the last two decades [6–8]. MD is frequently
used for seawater desalination due to the easy driving force of slight temperature differences [6,9–11].
Membrane contactors could resolve the fresh water problem. However, compared to conventional
separation processes, there is extra resistance owing to the membrane in membrane contactors. In other
words, the features of the membrane seriously affect the overall performance of membrane contactors.

At present, membranes used extensively in membrane contactors are organic polymer membranes,
due to their higher porosity and thinness [12–14]. However, the poor chemical resistance and the ease
with which organic polymer membranes swell make them unsuitable for chronic continuous operation.
Few studies use inorganic ceramic membranes for membrane contactors because of lower porosity,
which results from the sintering process that is used for ceramic membrane production. The hydrophilic
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nature of inorganic ceramic membranes also renders them inapplicable to membrane contactors.
Inorganic ceramic membranes have potential in this area because of their outstanding thermal and
chemical resistance and high mechanical strength [15–19]. The production of a hydrophobic, porous
ceramic membrane is key to its success.

For membranes with various geometries, hollow fiber membranes have been widely studied
because of their potential for low mass transfer resistance and high packing density [4,5,20]. Whether
organic polymer or inorganic, ceramic hollow fiber membranes are generally fabricated using phase
inversion, which is also a common way to produce the membrane for MD [3]. Phase inversion produces
a hollow fiber with a symmetric or asymmetric structure that can be tuned by varying the operational
parameters and the composition of the suspension, the bore fluid and coagulation [20–22]. This study
fabricates hydrophobic ceramic fiber membranes for vacuum membrane distillation (VMD) using
a high performance via phase-inversion/sintering method.

2. Experimental

2.1. Fabrication of Alumina Hollow Fiber Membranes

A combined phase-inversion and sintering method was used to fabricate the alumina hollow
fiber membranes. The dispersant poly-ethyleneglycol 30-dipolyhydroxystearate (ARLACEL-P135,
Croda Taiwan, Taoyuan, Taiwan, molecular weight: 5000 g/mol) was firstly dissolved in N-methyl-
2-pyrrolidone (NMP) (TEDIA, Echo Chemical, Taipei, Taiwan, purity > 99%) and stirred to form
a homogeneous solution. Aluminum oxide powder (Alfa Aesar, Uni-onward, New Taipei, Taiwan,
α-phase > 99.9%, average particle size: 1.0 µm) and polyethersulfone (PESf) (Veradel A-301, SOLVAY,
Trump Chemical, Taipei, Taiwan, amber color) were then added into the solution gradually and
stirred for 48 h to form a continuous suspension. The weight percentages of aluminum oxide powder,
polymer PESf, solvent NMP and dispersant ARLACEL-P135 in the suspension were 49.5 wt%, 9.9 wt%,
39.6 wt%, and 0.99 wt%, respectively. The as-prepared suspension was transferred to a plastic injector
and then extruded through a spinneret (outer diameter 2.0 mm, inner diameter 1.0 mm) from the
injector, using a syringe pump. Deionized water was used as a bore fluid and pumped to the spinneret.
After passing an air gap, the extruded suspension entered into a coagulation bath of deionized water
that was used as a non-solvent for further solvent exchange, to obtain green fiber. This deionized water
was renewed every 12 h to ensure a fresh non-solvent supply over a period of 2 days. The details of
the spinning parameters are shown in Table 1.

After drying at room temperature, the as-prepared green hollow fiber was heated in a furnace at
a rate of 1.6 ◦C/min to 480 ◦C and held at 480 ◦C for 12 h, followed by heating to specific temperature
(1400 or 1500 ◦C) at a rate of 2 ◦C/min. It was then maintained for 2 h. The entire sintering process
was performed in an air environment.

Table 1. The spinning parameters used in this study.

Parameters Value

Suspension flow rate (mL/min) 15
Bore fluid flow rate (mL/min) 10

Air gap (cm) 20

2.2. Fiber Hydrophobization

Fluoroalkylsilanes (FAS) (1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane) (Echo Chemical, Taipei,
Taiwan, purity > 95%, molecular weight: 510.36 g/mol) as a hydrophobilizing agent were used to attach
with the hydroxyl group on the as-sintered hollow fiber using an immersion method. The as-sintered
hollow fiber was immersed into a 0.02 M FAS solution of n-hexane, which was the same concentration
used in previous work, at 40 ◦C for 48 h and the FAS solution was refreshed every 24 h. This was
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followed by drying at room temperature, to produce a hydrophobic fiber. Finally, the hydrophobic
fibers were stored in an ambient atmosphere followed by module procedure and MD.

2.3. Characterization

The membrane’s hydrophobicity was quantified by measuring the apparent contact angle
(CA) value before and after hollow fiber hydrophobization, to determine the hydrophobicity of
the fiber surface.

A Scanning Electron Microscope (SEM) was utilized to observe the morphology and microstructure
of the hollow fiber.

Hollow fibers were characterized by an extrusion method, using a mercury porosimeter to
determine the porosity, the average pore size and the distribution of the pore size.

Pure water permeation was carried out using a home-made device before and after hollow fiber
hydrophobization. One end of the hollow fiber was sealed with epoxy resin and then fixed at the outlet
of a stainless pipe and covered. Deionized water was fed into the stainless pipe and pressurized by
nitrogen at various pressures. The weight of the liquid deionized water penetrating from outside to
inside through the hollow fiber was recorded using an electronic balance.

Liquid entry pressure of water (LEPw), defined as the pressure at which water penetrates through
the hydrophobic hollow fiber, used the same device as that used for pure water permeation. The LEPw

value is a critical parameter for the hydrophobicity level of the hollow fiber and determines whether it
is applicable for the MD process.

2.4. Fiber Module

The module procedure of hydrophobic fiber was required before membrane distillation. The fiber
module contained a hydrophobic hollow fiber and glass shell. The hollow fiber with a length of 9 cm
was incorporated into the glass shell with a 1.8 cm inner diameter and a length of 10.4 cm using epoxy
resin. There was one inlet and one outlet for the shell side and only one outlet for the permeate side,
whereas the other side of fiber was sealed, as shown in Figure 1.
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Figure 1. Hydrophobic aluminum hollow fiber module.

2.5. Membrane Distillation

Membrane performance was assessed using a home-made VMD configuration with a hollow
fiber module. NaCl aqueous solution at a concentration of 3.5 wt% was heated to 70 ◦C and circulated
at a flow rate of 1 L/min into the shell side, as the feed side of the module. The pressure of the
lumen side, which is generally called the permeate side, was maintained at 0.03 bar using the vacuum
pump. The water vapor that was transported from the shell side to the lumen side of the module was
condensed and collected in a trap bottle using liquid nitrogen. The permeate flux and the rejection of
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the VMD process were determined by measuring the weight as a function of time and the conductivity
of the condensing water, respectively.

3. Results and Discussion

The general temperature used in the sintering process to fabricate the ceramic hollow fiber
membrane is about 1300 to 1500 ◦C, therefore the sintering temperatures of 1400 and 1500 ◦C are
investigated in this study. SEM analysis confirmed the morphologies of the as-sintered alumina
hollow fiber membrane sintered at 1400 and 1500 ◦C. As shown in Figure 2a,b, the alumina grain
size of the outer surface sintered at 1400 ◦C is slightly smaller than that at 1500 ◦C, and for both
the outer surface consists of visible alumina grains and a preliminary result for the pore size of
several hundred micrometer are evident. From the cross-sectional SEM images (Figure 2c,d) of the
as-sintered alumina hollow fiber membrane, it is seen that a symmetrical fiber with an inner and outer
diameter of 0.8 and 1.2 mm for 1400 ◦C sintering and that of 0.8 and 1.3 mm for 1500 ◦C sintering
are produced. Figure 2e,f both show the typical microstructure that results from the phase-inversion
method. For both fabrications sintered at 1400 and 1500 ◦C, a finger-like structure extends from two
surfaces and a sponge like structure fills the middle part, which shows that the spinning procedure
is successful. The finger-like structure, which occupies at least 70% of the entire structure, observed
in Figure 2e, is slightly more than that observed in Figure 2f, and the more finger-like structure may
result in a better permeating characteristic.
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Figure 2. The morphologies of the as-sintered alumina hollow membrane sintered at different
temperatures: outer surface sintered at (a) 1400 ◦C and (b) 1500 ◦C; cross-sectional sintered at (c) 1400 ◦C
and (d) 1500 ◦C; partial cross-sectional sintered at (e) 1400 ◦C and (f) 1500 ◦C.
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The mercury porosimeter results for the as-prepared fiber are shown in Figure 3. It is seen that
both of the pore size measurements are in the range of 100 to 400 nm, that give average pore size of
about 220 and 165 nm for 1400 and 1500 ◦C sintering, respectively. They both are consistent with the
appropriate pore size of 0.1 to 1 µm that has been reported for MD. In addition, the porosities of 55%
and 33% were measured for the materials sintered at 1400 and 1500 ◦C, respectively.

Appl. Sci. 2017, 7, 357  5 of 10 

The mercury porosimeter results for the as-prepared fiber are shown in Figure 3. It is seen that 

both of the pore size measurements are in the range of 100 to 400 nm, that give average pore size of 

about 220 and 165 nm for 1400 and 1500 °C sintering, respectively. They both are consistent with the 

appropriate pore size of 0.1 to 1 μm that has been reported for MD. In addition, the porosities of 55% 

and 33% were measured for the materials sintered at 1400 and 1500 °C, respectively. 

 

Figure 3. Pore size distribution, as measured by a mercury porosimeter. 

The as-sintered hollow fiber is intrinsically hydrophilic because of the presence of hydroxyl 

groups on the fiber. In order to use the fiber for MD, FAS, which is a general agent for hydrophobization, 

was used to hydrophobilize the fiber by the method mentioned previously. A pure water permeation 

test was carried out before and after hydrophobization, to determine the permeability and the LEPw 

value which determines the applicability for MD. 

The results of the pure water permeation as a function of the pressure difference between the 

feed and permeate sides are shown in Figure 4. The pure water fluxes of the fiber sintered at 1400 

and 1500 °C both increase almost linearly with pressure difference before hydrophobization, and  

pure water fluxes of about 3000 and 2600 Lm−2h−1bar−1 are recorded. The higher pure water flux of 

3000 Lm−2h−1bar−1 is attributed to the larger average pore size (220 nm) and the higher porosity (55%) 

mentioned above. However, the water flux could not be detected after hydrophobization until a 

specific pressure difference, which means the LEPw value. The LEPw value of 2.5 bar for 1400 °C 

sintering (Figure 4c) is lower than that of 4.5 bar for 1500 °C sintering (Figure 4d), and this result is 

in accordance with the larger average pore size of 220 nm. Both LEPw values are higher than the 

pressure difference of about 1.0 bar used in VMD, which also demonstrates the applicability. Figure 

4e,f also shows the hydrophobicity with contact angles both at about 137°. Furthermore, it has been 

reported that the FAS modification only reduces the pore size of the fiber slightly for several 

nanometers. 

After characterization, the as-prepared hydrophobic fiber modules were used for MD. VMD was 

used because of its high permeate flux. The 3.5 wt % NaCl aqueous solution was circulated at the 

shell side and the permeate water was collected at the tube side at 0.03 bar every 30 min. As shown 

in Figure 5, the permeate flux of the fiber sintered at 1400 °C is twice as high compared to that sintered 

at 1500 °C, and this result is owing to the higher average pore size and porosity of the former. The 

salt rejections, which were detected by measuring conductivity, are both greater than 99.9%. In 

addition, the feeding temperature dependence of the permeate flux is investigated with the as-

prepared fiber sintered at 1400 °C. As shown in Figure 6, the permeate flux increases with the 

temperature of feed solution in the range of 50 °C to 70 °C, that is expected from the relation between 

temperature and vapor pressure which is the driving force in VMD. The high permeate flux of 60 

Lm−2h−1 is obtained at a feed temperature of 70 °C and the salt rejections under three of the feed 

Figure 3. Pore size distribution, as measured by a mercury porosimeter.

The as-sintered hollow fiber is intrinsically hydrophilic because of the presence of hydroxyl groups
on the fiber. In order to use the fiber for MD, FAS, which is a general agent for hydrophobization,
was used to hydrophobilize the fiber by the method mentioned previously. A pure water permeation
test was carried out before and after hydrophobization, to determine the permeability and the LEPw

value which determines the applicability for MD.
The results of the pure water permeation as a function of the pressure difference between the

feed and permeate sides are shown in Figure 4. The pure water fluxes of the fiber sintered at 1400
and 1500 ◦C both increase almost linearly with pressure difference before hydrophobization, and pure
water fluxes of about 3000 and 2600 Lm−2h−1bar−1 are recorded. The higher pure water flux of
3000 Lm−2h−1bar−1 is attributed to the larger average pore size (220 nm) and the higher porosity
(55%) mentioned above. However, the water flux could not be detected after hydrophobization until
a specific pressure difference, which means the LEPw value. The LEPw value of 2.5 bar for 1400 ◦C
sintering (Figure 4c) is lower than that of 4.5 bar for 1500 ◦C sintering (Figure 4d), and this result is in
accordance with the larger average pore size of 220 nm. Both LEPw values are higher than the pressure
difference of about 1.0 bar used in VMD, which also demonstrates the applicability. Figure 4e,f also
shows the hydrophobicity with contact angles both at about 137◦. Furthermore, it has been reported
that the FAS modification only reduces the pore size of the fiber slightly for several nanometers.

After characterization, the as-prepared hydrophobic fiber modules were used for MD. VMD was
used because of its high permeate flux. The 3.5 wt% NaCl aqueous solution was circulated at the shell
side and the permeate water was collected at the tube side at 0.03 bar every 30 min. As shown in
Figure 5, the permeate flux of the fiber sintered at 1400 ◦C is twice as high compared to that sintered at
1500 ◦C, and this result is owing to the higher average pore size and porosity of the former. The salt
rejections, which were detected by measuring conductivity, are both greater than 99.9%. In addition,
the feeding temperature dependence of the permeate flux is investigated with the as-prepared fiber
sintered at 1400 ◦C. As shown in Figure 6, the permeate flux increases with the temperature of feed
solution in the range of 50 ◦C to 70 ◦C, that is expected from the relation between temperature and
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vapor pressure which is the driving force in VMD. The high permeate flux of 60 Lm−2h−1 is obtained
at a feed temperature of 70 ◦C and the salt rejections under three of the feed temperatures are all greater
than 99.9% over a period of 4.5 h. These results demonstrate that the as-prepared hydrophobic fiber
is eminently suitable for VMD. A list of the permeate flux values for ceramic membranes published
recently is summarized in Table 2. The permeate flux depends principally on the feed solution and the
configuration. A variety of configurations including direct contact membrane distillation (DCMD),
air-gap membrane distillation (AGMD), sweeping-gas membrane distillation (SGMD) and vacuum
membrane distillation (VMD) have been used for MD. They can be distinguished by the driving
method inclusive of a condensing fluid contacting with the membrane (DCMD), an air gap between
the condensing surface and membrane (AGMD), a sweeping gas (SWMD) and a vacuum condition at
the permeate side. The choice of configuration used for MD is dependent on the feeding composition,
volatility, flux and operation. DCMD is easy to operate and needs the least equipment. VMD generally
exhibits a high permeate flux due to the driving from vacuum. SGMD is usually used to remove
a volatile organic from an aqueous solution. AGMD is widely used due to its characteristic of collecting
separately at permeate side. All of them can be applied to seawater desalination. For the purpose of
comparison, the permeate flux is plotted as a function of feed solution temperature in Figure 7. It is
seen that the permeate flux value is much greater than those in the published data using a ceramic
membrane with various configurations. The greater permeate flux shown in this study is attributed to
the appropriate pore size (Figure 3), high porosity and the symmetrical finger-like structure (Figure 4e),
which provides macro voids that enhance the mass transfer. On the other hand, it is believed that high
contact angle, well permeation and the appropriate LEPw value are indispensable to MD. Furthermore,
checking the durability of the as-prepared hollow fiber over longer periods will be the subject of
future work.
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Figure 4. Pure water permeation for as-prepared alumina hollow membrane: before hydrophobization/
sintered at (a) 1400 ◦C, (b) 1500 ◦C; after hydrophobization /sintered at (c) 1400 ◦C, (d) 1500 ◦C; contact
angle after hydrophobization/sintered at (e) 1400 ◦C, (f) 1500 ◦C.
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Figure 6. The performance of as-prepared hydrophobic hollow fiber sintered at 1400 ◦C with different
feeding temperature (70, 60 and 50 ◦C) in VMD.

Table 2. A list of the MD permeate flux values for ceramic membranes published recently.

Configuration Membrane
Material

Membrane
Morphology

NaCl Feed
Solution Hot Side Temp (◦C) MD Permeate

Flux (Lm−2h−1) Ref.

SGMD Al2O3 Disk 4.0 wt% 70 ◦C (80 ◦C) [90 ◦C] 9.9 (13.1) [19.8] [8]
AGMD ZrO2/Al2O3 Tubular 1.0 [M] 65 ◦C (80 ◦C) [95 ◦C] 1.0 (2.9) [6.9] [23]
AGMD Al2O3/ZrO2 Tubular 1.0 [M] 75 ◦C (85 ◦C ) [95 ◦C] 1.7 (2.9) [5.0] [24]
AGMD ZrO2 Tubular 0.9 wt% 50 ◦C (60 ◦C) [70 ◦C] 2.3 (3.9) [7.0] [25]
AGMD Titania Tubular 0.8 [M] 70 ◦C (80 ◦C) [90 ◦C] 0.8 (1.5) [2.8] [26]
DCMD Titania Tubular 0.8 [M] 70 ◦C (80 ◦C) [90 ◦C] 0.6 (1.0) [2.5] [26]
DCMD Al2O3 Planar 0.5 [M] 53 ◦C 9.0 [27]
VMD ZrO2/Ti Tubular 0.1 [M] 40 ◦C 10.8 [27]

AGMD ZrO2/Ti Tubular 0.5 [M] 75 ◦C (85 ◦C) [95 ◦C] 2.7 (3.3) [4.7] [27]
DCMD Al2O3 Planar 4.0 wt% 60 ◦C (70 ◦C) [80 ◦C] 7.1 (11.5) [17.0] [28]
DCMD Al2O3/ZrO2 Tubular 1.0 [M] 60 ◦C (95 ◦C) 1.1 (6.9) [29]
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Table 2. Cont.

Configuration Membrane
Material

Membrane
Morphology

NaCl Feed
Solution Hot Side Temp (◦C) MD Permeate

Flux (Lm−2h−1) Ref.

VMD Si3N4 Hollow fiber 4.0 wt% 60 ◦C (70 ◦C) [80 ◦C] 14.6 (22.9) [27.5] [30]
DCMD Si3N4 Hollow fiber 4.0 wt% 60 ◦C (70 ◦C) [80 ◦C] 5.4 (7.5) [10.4] [30]
VMD Al2O3 Planar 4.0 wt% 60 ◦C (70 ◦C) [80 ◦C] 5.8 (7.9) [10.4] [31]

DCMD β-Sialon Hollow fiber 4.0 wt% 60 ◦C (70 ◦C) [80 ◦C] 3.8 (5.4) [6.7] [31]
VMD Al2O3 Hollow fiber 4.0 wt% 60 ◦C (70 ◦C) [80 ◦C] 19.0 (32.0) [42.9] [32]
VMD Zeolite/Al2O3 Tubular 3.5 wt% 60 ◦C 12.0 [33]

DCMD ZrO2/Ti Tubular 0.5 [M] 75 ◦C (85 ◦C) [95 ◦C] 1.7 (2.5) [3.8] [34]
VMD Si3N4 Hollow fiber 4.0 wt% 50 ◦C (60 ◦C) [70 ◦C] 9.6 (14.6) [22.2] [35]

SGMD Si3N4 Planar 4.0 wt% 75 ◦C 6.7 [36]
VMD Al2O3 Disk 3.5 wt% 70 ◦C 37.1 [37]

DCMD TiO2 Nanofiber 3.5 wt% 60 ◦C (70 ◦C) [80 ◦C] 7.1 (9.2) [11.9] [38]
VMD Al2O3 Hollow fiber 3.5 wt% 50 ◦C (60 ◦C) [70 ◦C] 35.0 (47.0) [60.0] This work
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4. Conclusions

A hydrophobic alumina hollow fiber with high performance in VMD is successfully prepared.
The alumina hollow fiber membrane is fabricated using a method that combines phase-inversion
and sintering. The as-sintered hollow fiber is hydrophobilized using fluoroalkylsilanes, to obtain
a hydrophobic hollow fiber. The hydrophobic hollow fiber prepared at 1400 ◦C has a thickness of
230 µm, an average pore size of 220 nm, porosity of 55%, a contact angle of 137◦ and an LEPw value of
2.5 bar. It exhibits a high permeate flux value of 60 Lm−2h−1 which is twice as high compared to that
prepared at 1500 ◦C, and a salt rejection of greater than 99.9% in VMD that uses 3.5 wt% NaCl aqueous
solution at 70 ◦C at 0.03 bar. The permeate flux value of 60 Lm−2h−1 is much greater than previously
reported values using ceramic membranes. This hydrophobic alumina hollow fiber is suitable for
use in seawater desalination. Checking the durability of the as-prepared hollow fiber over a longer
duration will be the subject of future work.
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